Shape memory materials have gained considerable attention thanks to their ability to change physical properties when subjected to external stimuli such as temperature, pH, humidity, electromagnetic fields, etc. These materials are increasingly used for a large number of biomedical applications. For applications inside the human body, contactless control can be achieved by the addition of electric and/or magnetic particles that can react to electromagnetic fields, thus leading to a composite biomaterial. The difficulty of developing accurate numerical models for smart materials results from their multiscale nature and from the multiphysics coupling of involved phenomena. This coupling involves electromagnetic, thermal and mechanical problems. This paper contributes to the multiphysics modelling of a shape memory polymer material used as a medical stent. The stent is excited by electromagnetic fields produced by a coil which can be wrapped around a failing organ. In this paper we develop large deformation formulations for the coupled electro-thermo-mechanical problem using the electric potential to solve the electric problem. The formulations are then discretized and solved using the finite element method. Results are validated by comparison with results in the literature.
Introduction
2. Governing equations of the general multiphysics problem 83 In this section, the general electro-magneto-thermo-mechanical coupled prob-84 lem is derived from Maxwell's equations and conservation laws. Throughout the 85 paper, we use the indices E and L to denote the Eulerian and Lagrangian quan-86 tities. Thus, f E and f L denote the forces in the Eulerian and Lagrangian
The motion is described by the mappings ϕ t and ϕ assumed to be smooth enough (we do not consider fracture). The mapping ϕ t is also assumed to be bijective and defined by:
X → x = ϕ t (X) = ϕ(X, t) = X + u(X, t)
where X is the position of a particle point P in the undeformed configuration,
x is the position of P in the deformed configuration, u is the vector of displacements and E 3 is the three dimensional Euclidean space [31] . The positions in the undeformed and deformed configurations are related by X = ϕ −1
t (x) which is valid thanks to the bijection of ϕ t . For any time t ∈ I t , the deformed configurations are also defined as:
, Ω (2.
2)
The deformation gradient tensor and its determinant are given by:
where 1 is the identity matrix. The velocity v and acceleration a are given by:
v(X, t) = ∂ϕ ∂t (X, t), a(X, t) = ∂v ∂t (X, t) = ∂ 2 ϕ ∂t 2 (X, t).
(2.4)
Assuming the existence of a mapping Θ:
(x, t) → X = Θ(x, t) = Θ(ϕ(X, t), t),
it is possible to derive the following relationship: 6) which relates the matter flow field V to the velocity v as:
The matter flow field is important for the definition of the electromagnetic prob- X on the time was used to derive (2.6). In Eulerian setting, the electromagnetic fields are governed by the following
Maxwell's equations [34, 20] : where χ bE and χ eE are the magnetic and electric susceptibility tensors, µ 0 = 111 4π10 −7 is the magnetic permeability of the free space (H/m) and 0 10 −9 /36π 112 is the electric permittivity of the free space (C 2 /Nm 2 ). Another definition of 113 magnetic susceptibility χ mE with m = χ mE h is often used in the constitu-
114
tive law dual to (2.10 a). Additionally, ν E = µ 
and constitutive laws:
defined on the undeformed configuration Ω tensor σ L is the electric conductivity tensor (Ω/m) and ρ L is the electric charge
128
The one differential forms are transformed as:
(2.15 a-c) and the two differential forms are transformed as:
results from the identity:
which is valid for any matrix F ∈ GL 3 (R) [35, Formula B.11].
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Additionally, the magnetization M is related to the magnetic induction by:
while the effective magnetization M eff is given by:
where the polarization is related to the electric flux density by [35] :
Combining all these results, the following transformations for second order tensors used in constitutive laws can be derived:
Conservation equations
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We recall conservation equations using the Eulerian and Lagrangian for- force (N/m 3 ), P is the third order permutation tensor also known as the Levi
137
Civita tensor such that
sity of internal energy, q E is the heat flux density, L := grad v is the gradient 139 deformation and w E is the electromagnetic source term for the heat problem.
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The electromagnetic force, torque, internal energy and source term are given by: 
where κ E is the thermal conductivity tensor (W/mK). The thermo-mechanical constitutive law involves the definition of an appropriate objective rate σ ∇ (e.g., Jaumann rate, Truesdell rate or Green-Naghdi rate) which is related to the material derivative of the Cauchy stressσ [37] as:
where the velocity gradient L is related to the rate of the deformation gradient . The quantity ρ 0 is the mass density (kg/m 3 ), S is the second Piola-Kirchoff stress (N/m 2 ) with S = F −1 P where P is the first Piola-Kirchoff stress or nominal stress tensor with
The quantity f L is the volume force (N/m 3 ), L L is the torque, U L is the density of internal energy, q L is the heat flux density and w L is the source term for the heat equation. The electromagnetic force which is a three differential form is transformed as:
(2.32)
The torque and the internal energy are transformed as:
where ϑ L is the temperature expressed on the undeformed configuration and the source term is obtained using the transformation:
Equations (2.30)-(2.31) must be completed by constitutive laws which relate the stress tensor to its associated conjugate strain tensor. In this paper, we use the second Piola-Kirchoff stress and the Green-Lagrange strain tensors. We assume the following nonlinear constitutive laws for the thermal and thermomechanical problems [37] : We make the following magnetoquasistatic (MQS) assumptions
In (3.1), δ i := 1/ πf σ E,i µ E,i is the skin depth in the spatial direction i = x, y 165 and z, f is the frequency of the source term, σ E,i and µ E,i are eigenvalues of σ E
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and µ E , λ is the wavelength corresponding to the frequency f and L sys,i is the Using the MQS assumption, the following MQS problem in the deformed configuration can be defined:
together with the constitutive laws:
In Lagrangian setting, the MQS problem is governed by Maxwell's equations [20, 35] :
completed by the following constitutive laws:
(3.5 a-b)
Conservation equations
In addition to the MQS assumption, we assume quasistatic mechanical problem thus neglecting the inertia term in the balance of linear momentum and isotropic magnetic materials therefore restoring the symmetry of the Cauchy and the second Piola-Kirchoff stress as L E = L L = 0 in (2.22 c) and (2.30 c).
Additionally, we neglect mechanical losses in the heat equation. Under these assumptions, balance equations in the deformed configuration become:
and the electromagnetic force, torque and electromagnetic losses in (2.24)-(2.27) become:
In Lagrangian setting, the conservation equations become:
where the electromagnetic force and torque are given by:
and the source term is given by:
Further in the paper, we consider elasto-plastic materials governed by the following constitutive law:
(3.14 a-b)
In this case, the second Piola-Kirchoff stress does not depend on the rate of
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Green-Lagrange strain as viscosity is not considered. 
where a is the vector potential unknown field used for the eddy currents problem, field and is valid under the assumption δ i = α L sys,i with α which is big.
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The electric potential φ is governed by the following problem where (3.16) is obtained by applying the divergence div operator to (3.2 a) and (3.18) is derived from (3.3 b): 
187
In the undeformed configuration, the derivation is carried out by verifying equations (3.4 b-c) in the strong sense:
In (3.21), the 1 differential form A s is transformed as A s = F T a s . The electric potential Φ is therefore governed by the following problem where (3.22) is obtained by applying the divergence operator Div to (3.4 a) and (3.24) is derived from (3.5 b):
where the conductivity tensor is transformed as
thanks to (2.21). In the deformed configuration, the evolution of the temperature is governed by the following problem derived from (3.7) and (3.8 c) and (2.35):
27)
vective and radiative boundary conditions, respectively.
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The Lagrangian strong form of the heat problem is given by:
where the thermal conductivity is transformed according to (2.21) as
The source term in (3.34) can be expressed in terms of the potentials as:
(3.40)
Equations (3.36), (3.37), (3.38) and (3.39) represent the initial condition, let, convective and radiative boundary conditions, respectively. 
The mechanical problem
Mechanical fields in the undeformed configuration are governed by the following problem:
In terms of the potential, the force f L in (3.11) is given by:
The term t L in (3.45) represents the surface traction applied on part of the boundary Γ Mec 0,N . The thermo-mechanical constitutive law (3.42)-(3.43) is derived from (3.14 a). In this paper, we use the constitutive law described in [30] .
As a reminder, the total deformation gradient F and the total deformation gradients in the glassy and rubbery states were given by:
where the superscript t denotes the total deformation gradient and the superscripts r and g were used for the rubbery and the glassy states. The total deformation gradients of both phases are decomposed as: 
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The total Cauchy stress was also given by :
where the temperature-dependent parameter z g is the ratio of the glassy state.
Using the second Piola-Kirchoff stress and Green-Lagrange strain tensors, the following expression of the stress tensor can be derived: tion to the stress due to thermal expansion have been neglected in (3.51)-(3.52).
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Details on the equations that govern the evolution of internal variables 
is given by (3.46) and the dependence on the displacement is achieved 215 through J and F . The function spaces are defined such that The unknown fields Φ, ϑ L and u in (3.53)-(3.55) belong to infinite dimensional functional spaces. For numerical simulation, these fields need to be approximated by finite dimensional spaces
defined by: Inserting (3.57)-(3.59) into (3.53)-(3.55) leads to the following discret system of equations:
whereΦ,θ L andū are vectors of degrees of freedom and the matrices in (3.60)-(3.62) are given by:
63)
64)
65)
66)
67)
68) is considered to be temperature-dependent.
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Equations (3.60)-(3.62) can be written as a system of differential algebraic equations:
where M is a singular matrix and
Equation (3.71) can be discretized in time using the backward Euler integrator:
wherev n+1 =v(t n+1 ) with t n+1 = t 0 + (n+ 1)∆t and ∆t which is the time step.
After reordering the terms of (3.73), the following nonlinear equations can be derived:
with the vector function 
where the index m is used to denote the Newton-Raphson iteration. The terms in (3.75) are given by:
The term H 3 depends on the internal variables Z L (τ ≤ t) through the second Piola-Kirchoff stress S. For each quadrature point, the stress is updated using 237 the return mapping described in [30] .
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The stiffness matrix is given by:
(3.77)
The terms of the tangent stiffness matrix in (3.77) are given by: 
In (3.86), the first term is given by
(3.87)
The Jacobian of the mechanical problem ∂S EP /∂E in (3.86) is also updated 
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The two considered tests are:
252
• the uniaxial tests on a 1 × 1 × 1 mm 3 single-element cube (SEC),
253
• the simulation of a cylindrical vascular stent (CVS) similar to the one de- The temperature can be controlled by an electromagnetic field generated by a coil crossed by a current denoted I s (t). For all problems studied herein, we consider a single frequency source
where I 0 (t) (A) is the time dependent amplitude of the electric current, ω is the angular velocity and f the frequency of the signal. The design parameters for the electromagnetic and thermal problems are the amplitude of the current, the frequency and the material properties: the electric conductivity σ (S/m), the magnetic permeability µ (H/m), the mass density ρ, the heat capacity c p and the thermal conductivity κ. In all our applications, we consider frequencies small than 1000Hz, σ = 10 4 S/m and µ = µ 0 µ rel with µ rel = 20, which corresponds to the wavelength λ and skin depth δ:
The wavelength is very large compared to the dimensions of the structure 
where N is the number of turns, L the length of the coil, µ the magnetic permeability of the material and e z the direction oriented along the axis of the coil. From the Gauss magnetic law div b s = 0, a source vector potential a s (t)
can be derived from the magnetic induction b s (t) as b s (t) = curl a s (t). In the computational domain of the stent, a possible vector potential that satisfies this equality and is symmetric with respect to the undeformed geometry of the stent as A s = F T a s thus leading to the source in (2.15).
307 Table 2 contains model parameters of the electromagnetic and thermal prob- unloading/insertion of the stent) most of which are done outside the human 314 body, the last step, the recovery, necessitates controlling the temperature us-ing electromagnetic fields. In this paper, we simulate the control of the entire 316 deployment process using the electromagnetic fields. 
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Figure 5 and Figure 6 show the displacement u, the current density j,
334
Joule losses and the temperature T at the beginning of the deformations (t = 335 6.25 × 10 −5 s) and at the maximum mechanical deformation (t = 0.001s). 
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To avoid inhomogeneities of temperature in the recovery step, we developed 351 the following normalization process, which makes the problem well conditioned.
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The process starts with the linearized version of the heat equation (3.34):
A new coordinate system (τ , η) is introduced as:
whereθ, T c , L c , τ , and η i are the characteristic temperature, the characteristictime, the characteristic length, the dimensionless temporal and spatial coor-dinates, respectively. The derivatives in (4.5) are transformed as:
which leads to the dimensionless heat equation:
where the thermal conductivity was assumed constant and barred quantities are defined in the new coordinate system. For the first two terms to be of the same order of magnitude, i.e., for the temperature to have enough time to diffuse in the stent, the material properties must be chosen such that
Results of the coupled problem are reported in 
Conclusions
In this paper, the deployment of a vascular shape memory polymer stent homogeneous distribution of temperature during the recovery step is proposed.
373
The optimal control of the temperature of the devices can further be carried 374 out, thus allowing the device to follow a prescribed temperature trajectory that 375 might be convenient for surgical purposes. 
